Introduction
Iron deficiency is a major abiotic stress that affects many crop species, especially when they are grown in alkaline and calcareous soils (Lindsay and Schwab 1982) . Iron, although abundant, is often not soluble and therefore unavailable for plant roots in these soils, thus causing a decrease in growth rates and crop yield (Chen and Barak 1982) . When plants are grown under Fe-deficient conditions their youngest leaves develop a characteristic greenish-yellow colour, often referred to as Fe deficiency ''chlorosis''. This yellowish colour is due to the fact that Fe deficiency decreases the amount of the light-harvesting pigments chlorophylls and carotenoids to different extents, causing a relative enrichment in carotenoids (Terry 1980; Morales et al. 1990 Morales et al. , 1994 . Leaves of Fe-deficient plants show a marked decrease in photosynthetic rates (Terry 1980) and decreases in photosynthetic efficiency and electron transport rates (Spiller and Terry 1980) . In addition to these changes, Fe deficiency is known to cause a reduction in the number of granal and stromal lamellae per chloroplast (Platt-Aloia et al. 1983) , and decreases in the amounts of many thylakoid membrane components, including proteins, electron carriers and lipids (Terry and Abadía 1986) .
Thylakoid membranes contain the multiprotein photosynthetic complexes photosystems I and II, which include the reaction centres responsible for converting light energy into chemical bond energy, as well as a cytochrome b 6 /f complex and an ATPase. The effects of Fe deficiency on the levels of thylakoid proteins were studied previously in sugar beet plants by 1-D SDS PAGE (Nishio et al. 1985) . These studies showed that Fe deficiency reduces drastically both the lightharvesting and core complexes of photosystem II and photosystem I (Terry and Abadía 1986) . Photosystem I was the complex most diminished, followed by cytochrome b 6 /f and photosystem II, whereas the ATPase complex was least affected (Nishio et al. 1985) .
The effects of Fe deficiency on the structure of antenna complexes and supercomplexes have been studied in detail in cyanobacteria (Guikema and Sherman 1983; Pakrasi et al. 1985) . These studies showed that the amounts of large complexes and supercomplexes are decreased in Fe-deficient conditions, indicating that aggregation of small complexes into higher order structures is also affected by this nutritional stress. The responses of Chlamydomonas to Fe deficiency include remodelling of the antenna complexes, disconnection of the LHCI antenna from photosystem I and the establishment of a new steady state, with decreased stoichiometries of electron transfer complexes (Moseley et al. 2002) . Another change induced by Fe deficiency in the arrangement of the PSI antenna in cyanobacteria is the induction of the CP43-like protein CP43¢ (Riethman and Sherman 1988; Burnap et al. 1993) . This protein associates with photosystem I to form a complex consisting in a ring of 18 CP43¢ molecules around a photosystem I trimer (Bibby et al. 2001; Boekema et al. 2001) . The function of this protein has not been completely elucidated yet, although this new light-harvesting complex would increase the size of the PSI antenna and compensate for the decrease in phycobilisome and PSI levels found under Fe deficiency (Bibby et al. 2001) . Remodelling of the LHCI antenna in response to iron deficiency in Chlamydomonas has been shown in detail by Naumann et al. (2005) .
The effect of Fe deficiency on leaf growth is relatively small when compared to the marked reduction in photosynthetic rates (Terry 1979 (Terry , 1980 Rombolà et al. 2005) . This fact agrees with the smaller decrease observed in the activities of the Calvin cycle proteins when compared to thylakoid proteins. Total activities of the enzymes glyceraldehyde-3-phosphate dehydrogenase, fructose 1,6-bisphophatase, 3-phosphoglycerate kinase and sedoheptulose-1,7-bisphosphatase were decreased by Fe deficiency by less than 15% (Taylor et al. 1982; Arulanantham et al. 1990) , whereas the total activity of ribulose-5-phosphate kinase decreased by 29% and that of ribulose 1,5-biphosphate carboxylase/oxygenase (Rubisco) decreased by 40%, the latter being the most affected Calvin cycle enzyme with Fe deficiency (Arulanantham et al. 1990; Winder and Nishio 1995) .
Several approaches, including LC-MS non-gel proteomics as well as 1-D and 2-D gel separation methods, have been used to resolve different plant proteomes, including those of plastids (van Wijk 2004; Friso et al. 2004; Peltier et al. 2004 ) (for recent developments see the Plastid Proteome Database at http://www. ppdb.tc.cornell.edu/). The first approach, LC-MS, has been proven useful to resolve the thylakoid proteome in different plant species as well as to study posttranslational modifications of specific thylakoid proteins (Gó mez et al. 2002; Zolla et al. 2003) . The second approach, isoelectric focusing followed by SDS PAGE, has been recently used to resolve the thylakoid proteome (Whitelegge et al. 2003) . This technique has been used with the algae Chlamydomonas reinhardti (Hippler et al. 2001 ) and several higher plant species, including Pisum sativum (Peltier et al. 2000) , Arabidopsis thaliana (Kieselbach et al. 2000; Peltier et al. 2002) and Nicotiana benthamiana (Pé rez- Bueno et al. 2004) . Membrane proteins, however, are poorly solubilized with the detergents commonly used for IEF due to their high hydrophobicity (Molloy 2000; Santoni et al. 2000) and this technique has been reported to result in a significant exclusion of integral membrane proteins. To solve this limitation, a second 2-D technique (BN-PAGE) uses the anionic dye Coomassie Brilliant Blue G-250 to transfer negative charges to membrane protein complexes while keeping them in a structurally intact form, thus making them more soluble for 2-D analysis (Schä gger and von Jagow 1991). This technique has been used to characterize chloroplast protein complexes in algae (Chlamydomonas, Rexroth et al. 2003; Synechocystis, Herranen et al. 2004 ) and also in higher plants, including Spinacia oleracea (Kü gler et al. 1997) , Pisum sativum (Thidholm et al. 2002) , Nicotiana tabacum (Suorsa et al. 2004) , Arabidopsis (Heinemeyer et al. 2004) and Hordeum vulgaris (Ciambella et al. 2005) . The BN-PAGE technique has the advantage over LC-MS techniques of permitting a direct quantitative assessment of differential changes in a given proteome.
The aim of this work was to characterize the proteomic profile of thylakoids and the changes induced in the thylakoid proteome in response to Fe deficiency. The study of the photosynthetic apparatus proteome has been carried out using thylakoids from sugar beet plants grown in Fe-sufficient and Fe-deficient conditions by two different 2-D electrophoresis approaches: isoelectrical focusing followed by SDS PAGE (IEF-SDS PAGE) and blue-native polyacrylamide gel electrophoresis followed by SDS PAGE (BN-SDS PAGE).
Materials and methods

Plant material
Sugar beet (Beta vulgaris L. Monohil hybrid from Hilleshö g, Landskrö na, Sweden) was grown in a growth chamber with a photosynthetic photon flux density of 350 lmol m -2 s -1 photosynthetically active radiation and a 16 h, 23°C/8 h, 18°C, day/night regime. Seeds were germinated and grown in vermiculite for 2 weeks. Seedlings were grown for an additional 2 weeks in one-half-strength Hoagland nutrient solution (Terry 1980 ) with 45 lM Fe(III)-EDTA, and then transplanted to 20 l plastic buckets (four plants per bucket) containing one-half-strength Hoagland nutrient solution with either 0 or 45 lM Fe(III)-EDTA. The pH of the Fe-free nutrient solutions was buffered at approximately 7.7 by adding 1 mM NaOH and 1 g l -1
of CaCO 3 . This treatment simulates conditions usually found in the field leading to Fe deficiency (Susín et al. 1994) . Young and recently expanded leaves were sampled 10 days after treatment initiation.
Isolation of thylakoid membranes
Thylakoid membranes were obtained as described by Berthold et al. (1981) and Dunahay et al. (1984) were sampled from Fe-sufficient and Fe-deficient plants, respectively. Leaves (ca. 100 g FW) were homogenized in an Osterizer blender in 200 ml of 400 mM NaCl, 20 mM Tricine, 2 mM MgCl 2 , 0.2% BSA, pH 8.0. The brei was filtered through two Miracloth layers, and the filtrate centrifuged at 300g for 2 min. The supernatant was then centrifuged at 12,000g for 10 min, and the obtained pellet was washed in 40 ml 150 mM NaCl, 20 mM Tricine, 5 mM MgCl 2 , 0.2% BSA, pH 8.0, and subsequently centrifuged at 9,000g for 10 min. The resulting pellet, consisting in crude thylakoids, was resuspended in 10 mM NaCl, 5 mM MgCl 2 , 50 mM MES, 400 mM sucrose, pH 6.0, frozen in liquid N 2 and stored at -80°C until use. An extensive washing of thylakoid preparations was also performed by using five consecutive resuspension and centrifugation steps, each in 40 ml of the buffer indicated above. Chlorophyll was extracted in 80% acetone and quantified as described in Arnon and Whatley (1949) . Protein concentration was measured using the DC Protein Assay kit of BioRad (BioRad, Hercules, CA, USA) according to the manufacturer's instructions. Protein to chlorophyll ratios (w/w) were approximately 8 in Fe-sufficient thylakoids and 14-30 in Fe-deficient thylakoids.
Isoelectrical focusing polyacrylamide gel electrophoresis (IEF-SDS PAGE)
Protein extraction from thylakoids and solubilization Thylakoid proteins were precipitated with 80% acetone and 0.07% b-mercaptoethanol at -20°C for 30 min. After centrifugation at 10,000g for 10 min, the supernatant was discarded and the pellet was washed with 80% acetone and 0.07% b-mercaptoethanol. These two steps were repeated and the final pellet was dried with N 2 . The sample rehydration buffer used for resuspension consisted in 2 M thiourea, 8 M urea, 20 mM Tris, 4% (w/v) CHAPS, 50 mM DTT, 0.05% (w/v) n-dodecyl b-D-maltoside, 2 mM PMSF and 0.5% (v/v) 3-10 ampholytes (Amersham, Uppsala, Sweden). After rehydration, samples were incubated at 28°C for 1 h and then centrifuged at 15,000g for 10 min at 20°C. Protein concentration was measured as indicated above. Detergent to protein ratios (w/w) were 29.4 for CHAPS and 0.4 for n-dodecyl b-D-maltoside.
IEF focusing
A first dimension isoelectric focusing separation was carried out on 7 cm ReadyStrip IPG Strips (BioRad). The initial pI range used for resolving the thylakoid proteome was 3-10 (results not shown). Since most thylakoid proteins were found to focus in the pI range 4-7, this range was used for further studies. Gels were loaded with equal amounts of protein. 
SDS PAGE electrophoresis
For the second dimension polyacrylamide gel electrophoresis (SDS PAGE), IPG strips were placed onto 12% SDS-polyacrylamide gels (dimensions 8 · 10 · 0.1 cm) and sealed with melted 0.5% agarose. SDS PAGE was carried out at 20 mA per gel for 1.5 h and gels were subsequently stained with Coomassieblue and analyzed with the PDQuest 8.0 program (BioRad). Two-dimensional gels were made from independent thylakoid preparations from five different batches of plants. For each protein spot, 10 independent gel replicates were used in the analysis (five from Fe-deficient thylakoids and five more from control thylakoids). The significance of the changes was assessed in the Student's t test mode at P > 95% significance level, using PDQuest (BioRad) software v. 8.0 for MacOS.
Blue-native gel electrophoresis (BN PAGE) and SDS PAGE BN PAGE was performed as described in Kü gler et al. (1997) with slight modifications. Thylakoid membranes (0.5 mg chlorophyll ml -1 ) were solubilized with 1% (w/v) n-dodecyl b-D-maltoside, incubated on ice for 2 min and centrifuged at 18,000g, 4°C for 15 min. The detergent to protein ratio was 3.6 (w/w) for all samples. 0.1 volumes of a solution containing 100 mM BisTris/ HCl, pH 7.0, 0.5 M -amino-n-caproic acid, 30% (w/v) sucrose, and 50 mg ml -1 Serva Blue G was added to the supernatant and the mixture was loaded into a 4-10% acrylamide gradient gel. Gels were loaded with equal amounts of protein (27.5 lg protein per lane). Electrophoresis was carried out at 2°C, with a progressive increase in voltage from 75 to 200 V for approximately 4 h. After the run, BN PAGE lines were excised and proteins were solubilized for 30 min with a sample buffer containing 5% b-mercaptoethanol (Laemmli 1970) .
The second dimension SDS PAGE was carried out in 15% acrylamide gels with 6 M urea. After electrophoresis, gels were silver-stained (Blum et al. 1987) and analyzed using the PDQuest program. A spot signal intensity change of 3-fold or higher between the different treatments was taken as significant. Three different replicate gels per treatment were used for the analysis.
In-gel digestion of proteins and sample preparation for mass spectrometric analysis Protein spots were excised manually and then digested automatically using a Proteineer DP protein digestion station (Bruker-Daltonics, Bremen, Germany). The digestion protocol used was that of Schevchenko et al. (1996) with minor variations. For peptide mass fingerprinting and MALDI LIFT TOF-TOF (Suckau et al. 2003 ) spectra acquisition, an aliquot of a-cyano-4-hydroxycinnamic acid in 33% aqueous acetonitrile and 0.1% trifluoroacetic acid was mixed with an aliquot of the above digestion solution and the mixture was deposited onto AnchorChip MALDI probes (Bruker-Daltonics).
MALDI peptide mass fingerprinting, MALDI TOF-TOF acquisition and database searching MS analyses were performed in the Proteomic Units of the Cancer Research Center (CIC, University of Salamanca & CSIC) and the National Center for Cardiovascular Research (CNIC, Madrid). Peptide mass fingerprint spectra were measured on a Bruker Ultraflex MALDI LIFT TOF-TOF mass spectrometer (Bruker-Daltonics) (Suckau et al. 2003) in positive ion reflector mode. Mass measurements were performed either automatically through fuzzy logic-based software or manually. Each spectrum was internally calibrated with mass signals of trypsin autolysis ions, and the typical mass measurement accuracy was ±25 ppm. The measured tryptic peptide masses were transferred (through the MS BioTools program from BrukerDaltonics) as inputs to search the NCBInr database, using the Mascot program (Matrix Science, London, UK). When available, MS-MS data from MALDI LIFT TOF-TOF spectra were combined with MS peptide mass fingerprint data for database searching.
For some spots protein identification was carried out by MS-MS, whereas in other cases the identification made by MALDI-TOF was considered to be sufficiently accurate, specially taking into account the relatively high degree of conservation of chloroplast proteins among plant species (De Las Rivas et al. 2002) . For MALDI-MS and MS-MS, we used a protein score of -10*Log (P), where P is the probability that the observed match is a random event. In both cases, protein scores were derived from ion scores as a nonprobabilistic basis for ranking protein hits. For MAL-DI-MS, data shown in the paper include % coverage, number of matched and unmatched peptides, MAS-COT score and search limit, and theoretical and experimental masses and pIs (Tables 1, 2 ). Protein scores >65 or 76, depending on the search conditions, were significant at P < 0.05. For MS-MS, data shown in the paper include MASCOT score and search limit, and theoretical and experimental masses and pIs (Tables 1, 2) . Individual ion scores >31-44 indicate identity or extensive homology (P < 0.05). The sequence of the peptides used for identification when using MS-MS are shown in Table 3 .
Results
IEF-PAGE electrophoresis
Thylakoid proteins from sugar beet plants grown in Fe-sufficient and Fe-deficient conditions were separated by 2-D IEF-PAGE and gels were analyzed to study the changes induced by Fe deficiency in the polypeptidic pattern. Real scans of typical 2-D gels obtained with thylakoids from Fe-sufficient and Fe-deficient plants are shown in Fig. 1a , b, respectively. Gels obtained with thylakoids isolated from different batches of plants were very similar, and resolved approximately 110 and 140 polypeptides in the case of Fe-sufficient and Fe-deficient thylakoids, respectively.
Averaged 2-D polypeptide maps of thylakoids from Fe-sufficient and Fe-deficient plants were made from five independent thylakoid preparations, each from a different batch of plants. To better describe the changes in polypeptide composition, a composite, averaged virtual map containing all spots present in both Fe-deficient and control thylakoids was built (Fig. 1c,  d ). The comparison of averaged maps indicated that Fe deficiency caused significant (Student's t, P > 95%) decreases and increases in signal intensity in 10 (blue spots in Fig. 1c ) and 27 spots (orange spots in Fig. 1d) , respectively. Furthermore, 1 and 28 spots were only detected in Fe-sufficient (green spot in Fig. 1c ) and Fe-deficient plants (red spots in Fig. 1d ), respectively, whereas other spots did not show significant changes in signal intensity.
All polypeptides in the composite, averaged map are depicted again in Fig. 2a , to permit annotation of those polypeptides where homologies were found by using MS. A total of 75 spots were excised and analyzed by MALDI-MS, and some of them were further analyzed by MS-MS. Homologies were found for a total of 46 spots (32 using MALDI-MS data and 14 using MS-MS data). All these are marked with squares in Fig. 2a and numbered in Fig. 2b , and the corresponding hits are described in detail in Table 1 (white lines correspond to MALDI-TOF data and shadowed lines to MS-MS data).
From the 27 spots whose intensity increased significantly in thylakoids of Fe-deficient as compared to Fe-sufficient controls, 22 were excised and analyzed by MALDI-MS. Since the sugar beet genome has not been sequenced yet and very few sequences are available in the databases, identification was performed by homology searches with proteins from other plant species. This approach is supported by the high degree of conservation of thylakoid proteins among different plant species (De Las Rivas et al. 2002) . From the 22 spots analyzed, 21 proteins were identified (17 by MALDI-MS and 4 by MS-MS; proteins labelled 1-21 in Fig. 2b , Table 1 ). These include proteins related to regulation of protein biosynthesis pathways such as GTP binding protein (spot 1), Hsp70 from spinach (spots 2) and a and b subunits of the 60 kDa chaperonin (spots 3 and 4). Eight spots gave significant matches to Calvin cycle proteins, i.e. carbonic anhydrase (spot 5), large subunit of Rubisco (spot 6), Rubisco activase from two different species (spots 7 and 8), phosphoglycerate kinase (spot 9), plastidic aldolase (spot 10) and two transketolases from Spinacia oleracea (spots 11 and 12). These chloroplast stromal proteins were not removed from thylakoid preparations even after the extensive washing procedure used. Other proteins that were found to increase in thylakoid preparations from Fe-deficient sugar beet plants as compared to the Fe-sufficient controls were different ATPase subunits (spots 13-18), malate dehydrogenase (spot 19), superoxide dismutase (spot 20) and an unnamed protein product from Spinacia oleracea with the conserved domain for ferredoxin-NADP + oxidoreductases (spot 21). From the 28 new spots detected only in proteome maps from thylakoids of Fe-deficient plants (Fig. 1d) , the 9 more abundant were analyzed, resulting in 6 positive matches (5 by MALDI-MS and 1 by MS-MS; spots 22-27 in Fig. 2b, Table 2 ). Significant matches were found for phosphoribulokinase from Beta vulgaris Each polypeptide is marked by a number (see also Fig. 2 for localization in the gel), and is annotated with the homology found, including protein name, plant species and the corresponding protein accession number. Theoretical and experimental pIs and masses are also provided. Homologies found with MALDI-MS include the % coverage reached, the number of matched and unmatched peptides, and the MASCOT score details. Homologies found with MS-MS include only the MASCOT score details, and the peptide sequence used for identification is provided in Table 3 . The last column indicates the ratio found between spot intensities in Fe-deficient ( 
Spinacia oleracea
Each polypeptide is marked by a letter (see also Fig. 3 for localization in the gel), and is annotated with the homology found, including protein name, plant species and the corresponding protein accession number. Theoretical and experimental pIs and masses are also provided. Homologies found with MALDI-MS include the % coverage reached, the number of matched and unmatched peptides, and the MASCOT score details. Homologies found with MS-MS include only the MASCOT score details, and the peptide sequence used for identification is provided in Table 3 were very low, it was not possible to study them by MALDI-MS. All 10 spots showing a decrease in signal intensity in thylakoids from Fe-deficient plants as compared to the controls (Fig. 1c) were analyzed, and in 7 homologies were found (3 by MALDI-MS and 4 by MS-MS). Two of them gave significant matches to proteins from the water-oxidizing complex of PSII (spots 28 and 29 in Fig. 2b , Table 1 ). The spot 28 presented homology with the polypeptide of 23 kDa from Arabidopsis thaliana, and the spot 29 presented homology with the polypeptide of 33 kDa from Nicotiana tabacum. Four more polypeptides (spots 30-33) gave significant matches with different chlorophyll a/b binding proteins from different species and 1 more spot showed homology to the Fe-S Rieske protein from the cytochrome b 6 /f (spot 34).
A total of 12 spots showing no significant changes in intensity with Fe-deficiency (Fig. 1a, b) were analyzed, and all of them gave significant homologies (7 by MALDI-MS and 5 by MS-MS; spots 35-46 in Fig. 2b, Table 1 ). One of them (spot 35) was a UMP/ CMP kinase, 2 (spots 36 and 37) matched hypothetical proteins with unknown function containing a conserved domain of ferredoxin-NADP + oxidoreductases. Two polypeptides (spots 38 and 39) gave significant matches with different subunits of ATPase synthase, and other spots gave significant matches to the putative PSII stability/assembly factor HCF136 (spot 40), a P-protein precursor (spot 41), a peroxiredoxin (spot 42) and a cysteine synthase (spot 43). Spot 44 presented homology with the polypeptide of 33 kDa from the water-oxidizing complex of PSII and the spots 45 and 46 with different chlorophyll a/b binding proteins.
Blue Native-SDS PAGE electrophoresis
Thylakoid proteins isolated from Fe-deficient and sufficient sugar beet plants were first submitted to BN PAGE, a technique capable to separate intact protein complexes in the first dimension. Five green bands and one blue band were always detected in gels obtained with thylakoids from Fe-deficient and Fe-sufficient plants (Fig. 3a, b, respectively) . The five green bands, with apparent molecular masses of approximately 890, 690, 480, 250 and 150 kDa (named I, II, III, V and VI in Fig. 3a, b) , contained pigment-protein complexes and decreased in intensity with Fe deficiency. Conversely, the blue band, with an apparent mass of 320 kDa (named IV in Fig. 3a, b) , showed an increase in relative intensity with Fe deficiency (gels were always loaded on an equal protein basis).
For the second dimension, BN PAGE gels were excised, layered onto PAGE gel slabs, SDS PAGE was run and gels were silver-stained, in order to detect the maximum number of low-abundance polypeptides. To make silver staining comparable, both treatments were run always in the same gel for the second dimension. Two-D, BN-SDS PAGE polypeptide maps of thylakoids isolated from Fe-sufficient and Fe-deficient plants are shown in Fig. 3c, d , respectively. A total of 34 spots were excised and analyzed by MALDI-MS, and some of them further analyzed by MS-MS. Homologies were found for a total of 27 spots, marked by letters in Fig. 3c, d (20 by MALDI-MS and 7 by MS-MS), and homologies found are described in detail in Table 2 .
The first two green bands in the 1-D gels, with apparent masses of approximately 890 and 690 kDa (I and II in Fig. 3a, b) , would correspond to different virtual composite image (c, d) was created containing all spots present in the real gels (a) and (b). Then, spots whose intensities decrease or disappear completely with Fe deficiency were labelled with blue and green marks, respectively, (c), and those increasing with Fe deficiency or only present in Fe-deficient thylakoids were labelled with orange and red marks, respectively (d) Fig. 2 Virtual composite image, showing all polypeptides present in thylakoids from Fe-deficient and Fe-sufficient plants. In (a), polypeptides that had significant homologies with proteins in the databases are annotated by squares. The same polypeptides are numbered in (b), and homologies are described in detail in Table 1 supercomplexes of photosystems I and II (Ciambella et al. 2005 ). These two bands were resolved in five spots each in both treatments, which generally showed a decrease in intensity with Fe deficiency (Fig. 3c, d) . Some of the polypeptides present in bands I and II had similar apparent masses than other identified as PSI and PSII components in smaller complexes (see below).
Band III, with a molecular mass of approximately 480 kDa (Fig. 3a, b) , was resolved in the second dimension in 18 and 13 spots in Fe-sufficient and Fe-deficient thylakoid membranes (Fig. 3b) . These polypeptides have been marked in Fig. 3c, d with letters in alphabetical order (from higher to lower apparent molecular mass). From these, three polypeptides (spots n, o and p, labelled in green in Fig. 3c) were not detected in Fe-deficient thylakoids, whereas 10 more polypeptides (spots a, c, d, f, g, h, i, j, l and q, labelled in blue in Fig. 3c ) decreased in intensity with Fe deficiency. Five of the polypeptides that decrease or disappear with Fe deficiency were identified as the components of the PSI-LHCI complex, i.e. PsaA, PsaL, PsaH, PsaK and Lhca type III (spots a, l, o, q and h, respectively; Fig. 3c, Table 2 ). Also, four more spots in this class were identified as PSII components, CP47, CP43, D2 and D1 (spots c, d, f and g, respectively; Fig. 3c , Table 2 ). The remaining four spots (spots i, j, n and p) could not be identified. Five polypeptides in band III that did not change in signal intensity (spots b, e, k, m and r in Fig. 3c ) were also analyzed, finding homologies in three of them with proteins from the ATPase complex such as subunits c, b of CF 1 and subunit III of CF 0 (spots b, e and r, respectively; Fig. 3c , Table 2 ). These results are in good agreement with Ciambella et al. (2005) , who found band III was composed of a PSI-LHCI complex, a dimeric form of the PSII core complex and an ATPase complex. Iron deficiency caused a relative decrease of the PSI and PSII components, whereas the ATPase components of this complex did not change in intensity.
The blue band IV had an apparent mass of approximately 320 kDa (Fig. 3a, b) , and was resolved in the second dimension SDS PAGE electrophoresis in two spots, with masses of 68 and 13.2 kDa, both in Fe-deficient and Fe-sufficient thylakoids (Fig. 3c, d , respectively). We obtained similar matches for the spots of both Fe-sufficient and Fe-deficient thylakoids, with homologies with the large and small subunits of Rubisco from Oryza sativum and Beta vulgaris (spots s and t in Fe-sufficient thylakoids and s¢ and t¢ in Fe-deficient thylakoids; Fig. 3c, d , Table 2 ). Therefore, band IV contained mainly Rubisco, and its relative intensity increased with Fe deficiency.
The green band V had a mass of approximately 280 kDa (Fig. 3a, b) and was resolved in six spots in 2-D gels from both Fe-deficient and Fe-sufficient plants (Fig. 3c, d , respectively). Homology searches indicated that four of these polypeptides (spots named c¢, d¢, f¢ and g¢ in Fig. 3c, d , Table 2 ) presented homology with proteins from the PSII complex homologous to those identified in band III (this was the reason to use similar letters to name the spots) including CP47, CP43, D2 and D1. Two more spots had homologies with the cytochrome b 6 /f components Rieske FeS and PetD (spots u and v, respectively, in Fig. 3c ). Therefore, band V contained PSII and cytochrome b 6 /f polypeptides, with all of them decreasing in intensity with Fe deficiency.
The green band VI of approximately 150 kDa (Fig. 3a, b ) was resolved after 2-D in four spots, in both treatments, with their relative intensities decreasing with Fe deficiency (Fig. 3c, d ). This band has been described as composed by LHC components (Ciambella et al. 2005) .
A group of six new spots was detected in SDS PAGE gels from Fe-deficient thylakoids (Fig. 3d) . This group of proteins (labelled with red letters as w, x, y, z, Significant homologies obtained for some of these spots with MALDI-TOF are described in detail in Table 2 Photosynth Res (2006) 89:141-155 151 z1 and z2 in Fig. 3d) was not detected in the 1-D BN PAGE electrophoresis gel. Five of the proteins presented significant homologies (Table 2) with glycine hydroxymethyltransferase, glutamine synthethase GS2, plastidic aldolase, carbonic anhydrase and a transketolase (spots x, y, z, z1 and z2, respectively, in Fig. 3d ). All these polypeptides were not detected in Fe-sufficient thylakoids (Fig. 3c) , and are enzymes related to amino acid metabolism. As judged by their position in the 2-D gels (Fig. 3d) , they may be associated in one or possibly two multi-enzyme complexes in Fe-deficient thylakoid membranes. For three of these proteins (plastidic aldolase, carbonic anhydrase and transketolase) relative increases with Fe deficiency were also detected with the other 2-D technique, IEF-SDS PAGE.
Discussion
Thylakoid preparations from sugar beet plants grown in hydroponics have been used to study the changes induced by Fe deficiency in the thylakoid proteome. The 2-D IEF-SDS PAGE technique is very powerful to separate thylakoid polypeptides, permitting to obtain maps with over 100 polypeptides (Fig. 1) . Data obtained show that Fe deficiency results in relative intensity changes in a large number of these polypeptides, including decreases in the levels of many components of the protein complexes that participate in photosynthetic electron transport. Results show that several LHC proteins with a short number of transmembrane domains are detectable in 2-D IEF-SDS PAGE separations of Beta vulgaris thylakoids, although many integral membrane proteins with a large number of spanning domains were not detectable (Fig. 1) . Similar results have been reported with thylakoids from Chlamydomonas (Hippler et al. 2001) , where only a few integral membrane proteins such as LHC and PsaA were detected, whereas most of the proteins with a high number of transmembrane domains belonging to the PSII complex were not detected. The 2-D IEF-SDS gels show that some proteins involved in carbon fixation-related reactions were still present in thylakoid preparations, even after an extensive washing of thylakoids. Evidence that Calvin cycle enzymes can assemble into stable multi-enzyme complexes bound to the stromal face of thylakoid membranes has been obtained previously in Spinacia oleracea (Gontero et al. 1988; Sü ss et al. 1993) , Pisum sativum (Anderson et al. 1996) , Nicotiana tabacum (Jebanathirajah and Coleman 1998) and Chlamydomonas reinhardtii (Sü ss et al. 1995) . The association of these enzymes with thylakoid membranes has been proposed to provide direct access to required cofactors such as ATP and NADPH, and to prevent interferences by other metabolic pathways (Sü ss et al. 1993; Anderson et al. 1996) . Some proteins whose levels were found to increase with Fe deficiency were identified as photosynthetic enzymes, including the small and large subunits of Rubisco, Rubisco activase, carbonic anhydrase, phosphoglycerate kinase, plastidic aldolase, phosphoribulokinase, transketolase and sedoheptulose-1, 7-bisphosphatase. In the case of Rubisco, the relative increase found with Fe deficiency in thylakoid preparations contrasts with the decrease found in whole leaves by Winder and Nishio (1995) ; the reason for this discrepancy may be the different composition of Fe-deficient and control thylakoids, which may result in different degrees of association of Rubisco with thylakoids.
To avoid some of the limitations imposed by 2-D IEF-SDS PAGE, a second 2-D technique, called BN-SDS PAGE, has been used to investigate mitochondrial protein complexes and supercomplexes (Schä gger et al. 1994 ) and more recently thylakoid proteins (Rexroth et al. 2003; Suorsa et al. 2004; Ciambella et al. 2005 ). This technique also allows for the evaluation of polypeptide modifications, altered proteinprotein interactions and complex assembly in the first dimension (BN PAGE), and differences in the subunit composition of these complexes in the second dimension (SDS PAGE). Results indicate that resolving Beta vulgaris thylakoids by BN-SDS PAGE allows for the detection of a large number of transmembrane proteins (Table 2) as recently shown in Hordeum vulgare (Ciambella et al. 2005) . This technique also supports that Fe deficiency causes a relative decrease in the level of many photosynthetic electron transport components in thylakoids, as well as a relative increase in Rubisco and other proteins involved in other biochemical processes. Thylakoid polypeptides shown to decrease in thylakoids with Fe deficiency (by both 2-D techniques) correspond to proteins belonging to the antenna and core complex of both PSI and PSII, the oxygen evolving complex and the cytochrome b 6 /f complex (Tables 1, 2) . These results are in good agreement with the decreases observed by 1-D electrophoresis in the amounts of the different proteins participating in electron transport (see Terry and Abadía 1986 and references therein) and with the limited photosynthetic rate and efficiency reported to occur in Fe-deficient plants. No evidence of the existence in sugar beet of a CP43¢-PSI complex similar to that present in cyanobacteria (Riethman and Sherman 1988; Burnap et al. 1993 ) grown under Fe deficiency has been obtained so far.
Polypeptide maps obtained by 2-D BN-SDS PAGE revealed the presence of a protein set, which includes five polypeptides with homologies to carbonic anhydrase, plastidic aldolase, glutamine synthetase and glycine hydroxymethyltransferase, which appears in Fe-deficient thylakoids. This set of proteins is not visible in gels from Fe-sufficient thylakoids, suggesting that their levels are, at least, much lower than those present in Fe-deficient thylakoids. These enzymes are involved in amino acid metabolism, and especially in the amino keto-alcohol metabolic equilibrium. Proteomic data shown here suggest that the five enzymes mentioned might be associated in vivo to thylakoid membranes, perhaps constituting an enzymatic network associated to the chlorotic thylakoid membranes and involved in amino acid and keto acid metabolism. This may be related to the known fact that the plastoquinone pool in the thylakoid membranes of Fe-deficient plants is in the reduced state under dark conditions (Belkhodja et al. 1998 ). It could be hypothesized that the presence of this set of proteins may be related to the oxidative equilibrium of Fe-deficient thylakoids. Since the functional significance of the presence of these stromal proteins in thylakoid preparations is not known, new studies should be carried out by looking at the stromal and whole chloroplast proteomes.
In summary, Fe deficiency induced significant changes in the thylakoid sugar beet proteome: the relative amount of electron transfer complexes was reduced, whereas the levels of proteins participating in carbonlinked reactions increased. A protein set that includes several proteins usually located in the chloroplast stroma was detected in thylakoid preparations from Fe-deficient Beta vulgaris leaves by using the BN-SDS PAGE 2-D technique, and increases in some of these proteins were also detected with the IEF-SDS PAGE 2-D technique. To our knowledge, this is the first time that both 2-D methods have been compared in a single study to assess the effect of an environmental stress on the composition of the thylakoid membrane proteome. Our data confirm that BN-SDS PAGE is more adequate than IEF-SDS PAGE to resolve highly hydrophobic integral membrane proteins from thylakoid preparations, although the very high resolving power of the latter makes it a complementary technique that provides useful information on the effects of Fe deficiency on many other membrane proteins.
